Aldosterone plays a major role in the regulation of sodium and potassium homeostasis and blood pressure. More recently, aldosterone has emerged as a key hormone mediating end organ damage. In extreme cases, dysregulated aldosterone production leads to primary aldosteronism (PA), the most common form of secondary hypertension. However, even within the physiological range, high levels of aldosterone are associated with an increased risk of developing hypertension over time. PA represents the most common and curable form of hypertension, with a prevalence that increases with the severity of hypertension. Although genetic causes underlying glucocorticoid-remediable aldosteronism, one of the three Mendelian forms of PA, were established some time ago, somatic and inherited mutations in the potassium channel GIRK4 have only recently been implicated in the formation of aldosteroneproducing adenoma (APA) and in familial hyperaldosteronism type 3. Moreover, recent findings have shown somatic mutations in two additional genes, involved in maintaining intracellular ionic homeostasis and cell membrane potential, in a subset of APAs.
Background

Statement
Aldosterone is a major cardiovascular risk factor. In extreme cases, dysregulated aldosterone production leads to PA, the most common form of secondary hypertension. Major advancements have recently improved our understanding of the genetic determinants contributing to variations in plasma aldosterone levels in the general population as well as the genetics of familial and sporadic PA.
Aldosterone acts on epithelial cells, particularly in the renal collecting duct, but also in the colon and salivary and sweat glands. In these tissues, aldosterone plays a major role in the promotion of sodium absorption and thus regulation of blood pressure. More recently, aldosterone has also emerged as a key hormone determining end organ damage. Aldosterone is synthesized from cholesterol in the zona glomerulosa of the adrenal cortex by a series of specific enzymatic reactions, whereas cortisol is synthesized in zona fasciculata (1) . The final steps of aldosterone biosynthesis are catalyzed by aldosterone synthase (encoded by CYP11B2), whereas 11b-hydroxylase (encoded by CYP11B1) is responsible for the final steps of cortisol biosynthesis. These enzymes are highly homologous and their genes are located in tandem on the chromosome 8q21-22.
Aldosterone biosynthesis is tightly regulated; the principal regulators are the renin-angiotensin system (RAS), extracellular potassium (K C ) concentration, and ACTH. Additional factors (dopamine, serotonin, etc.) have also been shown to modify aldosterone production (2) . Stimulation by angiotensin II (AngII) or K C results in depolarization of the zona glomerulosa cell membrane and opening of voltage-dependent Ca 2C channels, leading to an increased intracellular Ca 2C concentration. AngII also signals through the AngII type 1 receptors (AT1Rs) to stimulate inositol trisphosphate-dependent Ca 2C release from the endoplasmic reticulum. Activation of the calcium signaling pathway triggers a phosphorylation cascade that leads to positive regulation of CYP11B2 transcription (Fig. 1A) .
In this review, we explore the role of genetic mechanisms in aldosterone production and mineralocorticoid excess and the pathological consequences of excess aldosterone in terms of cardiovascular disease, renal damage, and metabolic abnormalities.
Genetic contribution to plasma aldosterone levels and the aldosterone-to-renin ratio Recent epidemiological studies have shown that plasma aldosterone and renin levels and the aldosteroneto-renin ratio (ARR) correlate with increased blood pressure and the incidence of hypertension in the general population (3, 4, 5) . This suggests that modifications in adrenal aldosterone production may contribute to blood pressure elevation in a significant proportion of hypertensive subjects. Genetic variations in genes related to aldosterone biosynthesis may account for differences in aldosterone levels. In addition to clinical parameters, which are highly correlated with plasma aldosterone and renin levels, i.e. age, salt intake, and use of b-blockers, diuretics, and ACE inhibitors, gender is a major contributor to plasma renin and aldosterone levels and the ARR (3, 6) . In the Framingham Heart Study, the heritability of aldosterone levels, i.e. the proportion of variation in the population that is due to genetic differences, was estimated at 11%, that of renin levels at 22%, and that of the ARR at 40%. Genetic analysis has identified two chromosomal regions with a modest linkage to the ARR on chr 11p and 5p. In this study, the REN locus (coding for renin) and the CYP11B2 locus had no significant linkage to either parameter. When measuring 24-h urinary excretion of key metabolites of the principal mineralocorticoids and glucocorticoids, the heritability of tetrahydroaldosterone excretion was significantly higher (52%) and there was a significant association with the genotype at several polymorphisms of the CYP11B1 and CYP11B2 loci (7) . More recently, we have shown that a common single-nucleotide polymorphism (SNP), i.e. a DNA sequence variation at a single nucleotide within the general population, the c.K 2GOC (rs2070951) of the NR3C2 gene coding for the mineralocorticoid receptor (MR), is associated with plasma renin levels, both in a mild hypertensive group and in normal volunteers; in the latter group, the GG genotype was also correlated with higher plasma aldosterone levels (8). This association implies an indirect mechanism whereby modifications in renal sodium homeostasis, due to genetic variation affecting MR expression, modulate aldosterone production in the adrenal cortex in an endocrine regulatory loop. Furthermore, recent data suggest that blood pressure and aldosterone production may be affected by genetic variations in KCNK9, coding for the potassium channel TWIK-related acid-sensitive potassium 3 (TASK3), one Figure 1 Regulation of aldosterone biosynthesis in normal and pathological conditions. (A) Stimulation of aldosterone production by angiotensin II (AngII). AngII binds to the AngII type 1 receptor (AT1R), leading to zona glomerulosa cell membrane depolarization, by a number of converging mechanisms. The inhibition of potassium channels and sodium potassium ATPase (Na
by AngII results in depolarization of the cell membrane and opening of voltagedependent Ca 2C channels, which ultimately lead to an increase in intracellular Ca 2C concentration. Activation of AT1R stimulates inositol triphosphate-dependent Ca 2C release from the endoplasmic reticulum. Activation of the calcium signaling pathway leads to the activation of specific transcription factors and positive regulation of CYP11B2 transcription. (B) Genetic alteration in familial hyperaldosteronism type I (FH-I). FH-I is caused by a recombination between the CYP11B2 and CYP11B1 genes, creating a chimeric gene whereby the CYP11B1 promoter and CYP11B2-specific coding sequences are juxtaposed, leading to inappropriate regulation of aldosterone synthesis; aldosterone biosynthesis is regulated by the ACTH, rather than by AngII. (C) Genetic alterations leading to cell membrane depolarization and intracellular ionic modification. FH-III is the result of a gain of function mutation in the KCNJ5 gene, which encodes the G-protein-activated inward rectifier potassium channel GIRK4. In addition to germline mutations in patients with FH-III, a few recurrent somatic KCNJ5 mutations were identified in a large proportion of sporadic aldosterone-producing adenomas. The recent identification of somatic mutations in two different ATPase genes, namely ATP1A1 and ATP2B3, encoding the a1 subunit of the Na of the main potassium channels involved in maintaining the glomerulosa cell membrane potential and thus aldosterone production (see below (9) and D Vernerey, X Jeunemaitre, J Barhanin, P Meneton and M-C Zennaro, 2011, unpublished data).
Analysis of the 5 0 flanking region of the human CYP11B2 gene has defined the different regulatory elements involved in its expression (10) . Interestingly, several polymorphic variations in the CYP11B2 gene promoter that affect aldosterone levels have been described (11) . In particular, the K344T/C polymorphism has been studied extensively. This polymorphism is localized in a putative binding site of the steroidogenic factor SF-1. In vitro studies have shown that the K344C allele binds to SF-1 with approximately four times higher affinity than the K344T allele, possibly altering the rate of transcription of CYP11B2 and therefore the amount of aldosterone synthase (11, 12) . Studies have shown that carriers of a T at position K344 have an increased risk of hypertension and that the polymorphism is more frequent in hypertensive subjects than in normotensive subjects (13, 14) . Moreover, the K344T allele is also associated with significant differences in plasma aldosterone levels and in the excretion of urinary metabolites of aldosterone, supporting the possibility of increased aldosterone synthase activity (15, 16) . Another common variant on intron 2 of the CYP11B2 gene exists in two alternate forms, either a wild-type or a conversion (Conv) allele, where part of intron 2 of CYP11B1 is transferred to CYP11B2 (11). This variant is in tight linkage disequilibrium with the K344C/T allele, and hence the K344T and Conv alleles in intron 2 have been shown to be associated with hypertension, an elevated aldosterone:renin ratio, and increased aldosterone levels in young adults (17) . Finally, an SNP at position K1651 of CYP11B2, which is in tight linkage disequilibrium with the K344 SNP, exerts significant allele-dependent effects on CYP11B2 transcription and aldosterone production. This is due to changes in the binding of the transcriptional repressor APEX1 to this site depending on the genotype (18) .
Polymorphic variations in the CYP11B2 gene are also associated with left ventricular size, mass, and, to some extent, diastolic function in subjects without clinical cardiovascular disease. These effects are independent of potentially confounding factors, including sex, body weight, blood pressure, physical activity, smoking, and alcohol consumption (17) . These findings, however, are not consistent in all studies, which may be due to selection biases (19, 20) . Furthermore, there are conflicting reports in the literature as to whether the T or C allele is more prevalent in patients with hypertension (13, 21) . These differences are most likely to depend on the origin of the population, as different allele frequencies have been reported in different populations (19, 22) . A recent meta-analysis has shown that the K344C allele is associated with a 17% reduced relative risk of hypertension compared with the K344T allele (23) . A significantly lower plasma renin activity has also been associated with the K344C allele, whereas plasma aldosterone concentration has not. Thus, different common genetic polymorphisms may underlie the observed relationship between the CYP11B2 genotype and aldosterone production and therefore may contribute to the risk of developing hypertension and cardiovascular disease in the general population.
Familial forms of primary aldosteronism
Primary aldosteronism (PA) is the most common form of secondary hypertension with a prevalence of w10% of all hypertensives and w20% when considering patients with resistant hypertension (24) . It is associated with a suppressed RAS and often with hypokalemia. PA is due to autonomous aldosterone production by the adrenal cortex. The two principal forms are unilateral aldosterone-producing adenoma (APA or Conn's adenoma), a benign tumor of the adrenal cortex, and bilateral adrenal hyperplasia (BAH), also known as idiopathic hyperaldosteronism. While the majority of cases are sporadic, 1-10% of the cases are familial forms. Currently, three different forms displaying Mendelian inheritance are described: familial hyperaldosteronism type I (FH-I), type II (FH-II), and type III (FH-III).
Familial hyperaldosteronism type I
In 1966, Sutherland et al. (25) reported a case of a father and a son presenting with benign hypertension, hypokalemia, increased aldosterone levels, and suppressed plasma renin activity, indicative of PA. Interestingly, all abnormalities were relieved by treatment with dexamethasone. FH-I, also called glucocorticoidremediable aldosteronism (GRA), presents an autosomal dominant mode of inheritance (26) . The disorder is characterized by early and severe hypertension, most often before the age of 20 years. Subjects exhibit, to variable intensities, the biochemical abnormalities of PA and in some cases adrenal nodules and significant production of the hybrid steroids 18-hydroxycortisol and 18-oxocortisol (25) . FH-I is caused by a recombination between the CYP11B2 and CYP11B1 genes, creating a chimeric gene whereby the CYP11B1 promoter and CYP11B2-specific coding sequences are juxtaposed, leading to inappropriate regulation of aldosterone synthesis (27) (Fig. 1B) . Given that the regulatory sequences are derived from CYP11B1, it is presumed that the hybrid gene is expressed throughout the adrenal cortex (28) . In FH-I, aldosterone biosynthesis is regulated by the ACTH, rather than by AngII. The regulation of aldosterone by ACTH in FH-I results in a circadian pattern of aldosterone production, which parallels that of cortisol production (29) . The administration of exogenous glucocorticoids, to suppress ACTH secretion, reduces aldosterone levels and reverses the state of mineralocorticoid excess. However, the lowest possible dose of glucocorticoids, which normalize blood pressure and/or serum potassium concentration, should be used to avoid complete suppression of the circadian regulation of cortisol. Indeed, overtreatment with exogenous steroid may result in iatrogenic Cushing's syndrome and impaired linear growth in children (30) . Remarkably, low-dose glucocorticoid treatment has been shown to control hypertension for several years, as supported by normal and stable echocardiographic parameters (29) . The addition of an MR antagonist, however, should be considered in cases where blood pressure control is unsatisfactory. In the case of affected children, the use of eplerenone may be preferred to avoid the side effects of glucocorticoids (growth retardation) and spironolactone (antiandrogenic effects) (30) .
The prevalence of FH-I in patients with PA has been reported to be between 0.66 and 1% (28, 31) and as high as 3.1% in a hypertensive pediatric population, in which the prevalence of FH may be underdiagnosed (32) . Following the Endocrine Society guidelines for the management of PA, genetic testing for GRA should be considered for PA patients with severe or resistant hypertension and a positive family history of early-onset hypertension and/or premature hemorrhagic stroke (30) . However, the blood pressure in GRA-affected subjects within and between pedigrees is often highly variable; while most are severely hypertensive, some affected individuals are normotensive and others display only mild hypertension. This variability in blood pressure levels in GRA may be related to other hereditary factors that regulate blood pressure or environmental factors such as variations in dietary sodium intake. Thus, the family history in GRA does not invariably reveal a history of severe hypertension in first-degree relatives of affected subjects.
The diagnosis of GRA is usually made by either Southern blot or long PCR techniques, both sensitive and specific tests for diagnosing GRA, obviating the need to measure the urinary levels of 18-oxocortisol and 18-hydroxycortisol or to perform a dexamethasone suppression test, both of which may be misleading (30) .
Familial hyperaldosteronism type II
In 1991, a second form of FH, which was not glucocorticoid remediable, was described (33) . As with FH-I, an autosomal dominant mode of transmission was observed. Patients with FH-II demonstrate a variable aldosterone response to upright posture and AngII infusion, and within the same family, different subtypes of PA may be represented (APA and BAH). Patients with FH-II, however, do not display specific clinical, biochemical, or morphological hallmarks that distinguish them from sporadic cases of PA, and hence FH-II is diagnosed on the basis of two or more affected family members; phenotypic variability within affected families is typical for the disease (31, 34) . The prevalence of FH-II is estimated to be between 2.8 and 6% in adult populations of PA (31, 34, 35) . Although the molecular basis of FH-II is still unknown, a link with the chromosomal region 7p22 has been established in some, but not all, FH-II families (36, 37, 38) . Sequencing candidate genes located in this region, fascin 1 (FSCN1) and the cAMP-dependent protein kinase type I b-regulatory subunit (PRKAR1B), revealed no mutations (34) . Furthermore, mutations have not been identified in the coding region of CYP11B2 or AGTR1, coding for the AT1R, or in the p53 tumorsuppressor gene (35, 39, 40) . Interestingly, somatic mutations of KCNJ5 (see below) have recently been reported in APA samples from patients with nonglucocorticoid-suppressible FH that was classified as FH-II (41) . This raises the possibility that FH-II might be due, at least in some cases, to familial aggregation of sporadic PA, given the high frequency of the disease among hypertensive subjects. Furthermore, another subgroup of families was shown to have FH-III upon genetic diagnosis, due to a previously unknown phenotypic heterogeneity of this latter form of familial PA (41).
Familial hyperaldosteronism type III
In 2008, a new form of FH was described (42) . The affected family members presented with early-onset, severe hypertension, which was resistant to treatment, and profound hypokalemia. Furthermore, they exhibited very high levels of the hybrid steroids 18-oxocortisol and 18-hydroxycortisol and aldosterone production was not suppressed by dexamethasone treatment. Hyperaldosteronism was shown to be a consequence of massive BAH, which required a bilateral adrenalectomy to control blood pressure (42) . Recently, the origin of FH-III has been attributed to a mutation in the KCNJ5 gene, which encodes for the G-protein-activated inward rectifier potassium channel GIRK4 (43) . This mutation, p.T158A, is located just above the selectivity filter of the channel and results in the loss of K C ion selectivity and increased Na C conductance. As the membrane potential of the zona glomerulosa cell is close to the potassium resting potential, an increase in sodium conductance, which is associated with the p.T158A mutation, leads to membrane depolarization, opening of voltage-dependent calcium channels, and activation of the calcium signaling pathway, the main trigger for aldosterone biosynthesis (44) (Fig. 1C) . Subsequently, additional mutations and phenotypic variability in FH-III have been reported. An inherited p.G151R mutation was identified in two kindreds with early and severe hyperaldosteronism that was due to BAH and required a bilateral adrenalectomy during childhood to control blood pressure (45) . A similar severe phenotype of primary hyperaldosteronism and R18 M-C Zennaro and others
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www.eje-online.org early-onset hypertension was associated with a p.I157S mutation (46) , while a third germline mutation, p.G151E, was associated with familial aldosteronism in three families (41, 45) . Interestingly, these mutations are all located in and near the selectivity filter of GIRK4, which would presumably lead to the same pathological consequences in terms of channel function. The affected members of the families with the p.G151E mutation, however, exhibit remarkably milder symptoms compared with the patients carrying the other mutations, with blood pressure and hypokalemia being easily controlled with medical treatment and no evidence of adrenal cortex hyperplasia. This clinical presentation, resembling FH-II, revealed a previously unrecognized phenotypic heterogeneity of FH-III; additional genetic investigations in affected families will allow delineating the clinical spectrum of this form of FH.
Potassium channels, ATPases, and the new biology of sporadic APA As mentioned above, the maintenance of an appropriate zona glomerulosa cell membrane potential is crucial for the regulation of aldosterone biosynthesis. Cell membrane depolarization is one of the main triggers for the chain of intracellular events that ultimately leads to increased aldosterone biosynthesis. In the adrenal zona glomerulosa, the main ionic conductance is that of K C , due to the expression of different types of K C channels. As a consequence, the cell membrane potential closely follows the equilibrium potential of K C over a large range of extracellular K C concentrations. Among others, the physiological role of TASK channels has recently been highlighted by studies in various animal models in which genetic ablation of the channels results in a range of phenotypes with abnormal aldosterone production ( (47, 48, 49) , see below). The concentration gradient of K C between the intracellular and extracellular spaces, which is required for the establishment of the membrane potential, is generated by the activity of the Na C , K C -ATPase, which transports two K C ions into and three Na C ions out of the cell. Recently, mutations in different genes coding for proteins involved in the regulation of the zona glomerulosa cell membrane potential and ionic homeostasis have been identified in tumoral (somatic) DNA from sporadic APA.
In addition to germline mutations in patients with FH-III, a few recurrent somatic KCNJ5 mutations were identified in a large proportion of sporadic APAs (43, 50) . Similarly to the germline mutations, the p.G151R and p.L168R mutations are located within or near the selectivity filter of the GIRK channel, which results in the loss of K C ion selectivity. These mutations are present in 34-47% of the APA samples from Western countries (50, 51, 52, 53) and as high as 65% of patients from Japan (54) ( Table 1) . KCNJ5 mutations in APA are more prevalent in females than in males and in younger patients; they are also associated with higher preoperative aldosterone levels but not with therapeutic outcomes after surgery (50) . Although some authors have reported association of the mutation status with differences in KCNJ5 mRNA or protein expression in the tumor, these findings are not consistent among studies (Table 1) . While germline KCNJ5 mutations result in BAH in familial forms of the disease, similar mutations have, however, not been identified in patients with BAH, the other most frequent form of sporadic PA (50) .
More recently, somatic mutations in two members of the P-type ATPase gene family, namely ATP1A1, encoding the a1 subunit of the Na C , K C -ATPase, and In vitro experiments in cell models indicated that mutations in the a1 subunit of the Na C , K C -ATPase led to a complete loss of pump activity and a strongly reduced affinity for K C . Furthermore, electrophysiological studies performed on primary adrenal adenoma cells demonstrated an inappropriate depolarization of cells with ATP1A1 mutations. Deletions in ATP2B3 were predicted to affect the homologous M4 transmembrane domain of PMCA3 and to cause a major distortion of the Ca 2C binding site, therefore affecting intracellular calcium clearance. ATP1A1 and ATP2B3 mutations were found in 6.8% of the 308 APA samples investigated and exclusively in KCNJ5-negative tumors. In contrast to KCNJ5 mutations, ATPase mutations were more prevalent in males than in females. They were also associated with a more severe phenotype: carriers of ATPase mutations had higher preoperative aldosterone levels compared with patients without mutations and lower serum potassium concentrations. No mutations were identified in patients with familial or bilateral forms of PA (55).
Mineralocorticoid excess: insights from animal models
The recent identification of recurrent somatic mutations in the KCNJ5 gene in APA, as well as germline mutations of the same gene in families with FH-III, has constituted a major advance in our understanding of the disease (41, 43, 46, 50, 52, 56) . It confirmed the role of potassium channels in the development of PA, which had previously been highlighted by different mouse models. Indeed, genetic invalidation of the TASK1 channel in mice leads to adrenocortical cell depolarization and ectopic expression of Cyp11B2 in zona fasciculata in female mice only (47) . Interestingly, female Kcnk3 homozygous knockout (TASK1 K/K ) mice display a diet-independent, low-renin, and glucocorticoid-remediable form of hyperaldosteronism. Until puberty, male TASK1 K/K mice show the same phenotype, but subsequently develop normally in terms of adrenal zonation and steroid secretion, suggesting a critical role for androgens in terms of the compensatory mechanisms employed following Kcnk3 gene disruption (47) . The genetic deletion of both TASK1 and TASK3 channels in mice leads to ZG membrane depolarization due to the absence of recordable acid-sensitive K C current (48). Task1/Task3 (Kcnk3/Kcnk9) double-knockout mice display elevated levels of aldosterone and low circulating renin and fail to suppress aldosterone production by dietary salt ingestion. Taken together, TASK1/TASK3 K/K mice present a phenotype reminiscent of patients with idiopathic primary hyperaldosteronism (48) . Finally, mice lacking TASK3 channels only display a mild hyperaldosteronism that is associated with low renin levels and an increased ARR. These animals display partially autonomous aldosterone production, which is not suppressed by high-sodium or low-potassium diets (49) . It is likely that the constitutively depolarized state of glomerulosa cells in TASK3 K/K animals leads to partially autonomous aldosterone production, which is counterbalanced by a decreased activity of the renin-angiotensin axis. Despite the fact that these models suggest that abnormalities in TASK1 and/or TASK3 in humans may be involved in the pathogenesis of PA, sequencing of these genes in 22 patients with APA (43) has not led to the identification of any causative mutations.
Up to 10% of the transcriptome has been estimated to be under the control of the circadian clock, so it is therefore not surprising that a number of diseases are associated with clock gene disorders (57) . Cry proteins act as potent transcriptional repressors that downregulate the transcription of E-box (CACGTG) enhancer-containing clock genes (including the Periodand Cryptochrome-encoding genes), as well as a wide variety of clock-controlled genes (58, 59) . Mice lacking the core clock components cryptochrome-1 (Cry1) cryptochrome-2 (Cry2, Cry-null mice) show disrupted rhythmic behavior, physiology, and metabolism (60, 61) . Interestingly, Cry-null mice present with salt-sensitive hypertension due to increased aldosterone production by the adrenal gland (62) . Investigation of steroidogenic alterations in Cry-null mice showed chronic overexpression of Hsd3b6 mRNA and chronically enhanced 3b-hydroxysteroid dehydrogenase activity in adrenal cortex. Hsd3b6 encodes a dehydrogenase-isomerase specifically expressed in zona glomerulosa, which catalyzes the conversion of pregnenolone into progesterone, an enzymatic reaction required for aldosterone biosynthesis. The inactivation of Cry genes leads to chronically enhanced mineralocorticoid production, which, in turn, renders blood pressure salt sensitive (62) . The human ortholog of mouse Hsd3b6 is HSD3B1. In the adrenal cortex, expression of HSD3B1 is specific to the zona glomerulosa, suggesting its potential involvement in adrenal zona glomerulosa pathophysiology. The RAS is a major regulator of aldosterone biosynthesis. The role of the RAS has been investigated in numerous experimental mouse models (63, 64, 65) . Mice lacking the AngII receptor type 1A (AT1A receptor) have low blood pressure (63) , whereas female mice overexpressing AT1A receptor display high blood pressure (64) . Mice expressing a constitutively active AT1A receptor develop renal and cardiac fibrosis and diastolic dysfunction and present with a moderate and stable increase in blood pressure. This hypertension is associated with a low plasma renin concentration and a normal aldosterone concentration, leading to an increase in plasma ARR (65) . These results suggest that, in humans, modifications or defects in the RAS may contribute to the high-aldosterone, low-renin form of hypertension and, in extreme cases, to mineralocorticoid excess.
Pathological consequences of mineralocorticoid excess beyond blood pressure
In addition to the well-characterized effects of excess mineralocorticoids on blood pressure, high levels of circulating aldosterone also have cardiovascular, renal, and metabolic consequences. The diagnosis of PA and the identification of its subtypes, whether familial or sporadic, APA or BAH, are essential for the setup of efficient therapeutic intervention and prevention of the adverse effects of aldosterone. Patients with PA are at an increased risk of developing cardiovascular events, such as atrial fibrillation, stroke, and non-fatal myocardial infarction, when compared with patients with other forms of hypertension, despite equivalent blood pressure elevation (66) . A recent study using cardiac magnetic resonance imaging has demonstrated that patients with PA exhibit frequent non-infarct myocardial fibrosis that is independent of blood pressure and is associated with increased pulse wave velocity, circulating superoxide anion, and C-reactive proteins (67) . Studies have also reported increased cardiovascular and cerebrovascular complications in patients with familial forms of PA. Aldosterone excess is associated with increased left ventricular wall thicknesses and reduced diastolic function, even in the absence of hypertension, in young individuals with genetically proven FH-I (68). In a large study investigating 367 patients from 27 genetically confirmed FH-I pedigrees, early cerebrovascular complications were documented in 48% of all pedigrees and in 18% of all FH-I patients. The complications were mainly hemorrhagic strokes and were associated with a high mortality rate (69) .
There is accumulating evidence indicating that aldosterone-dependent kidney damage is a major determinant of blood pressure outcome following treatment in patients with PA (70) . Prospective studies have reported a higher glomerular filtration rate and albuminuria in patients with APA or BAH compared with essential hypertension and significant reduction in urinary albumin excretion and glomerular filtration rate following adrenalectomy or treatment with spironolactone (71, 72) . Increased glomerular filtration most likely results from functional changes due to intrarenal hemodynamic adaptation to increased extracellular volume, which counteracts increased tubular sodium absorption by aldosterone to restore sodium balance (73) . In the early stage, these changes are largely and rapidly reversible (71, 72) . At a later stage, however, aldosterone induces intrarenal vascular and glomerular damage, with progressive renal impairment and reduction of glomerular filtration rate (74) , which is correlated with blood pressure response to treatment and the risk of developing chronic kidney disease (75) . These studies underscore the importance of specific treatment of aldosterone excess as well as blood pressure reduction to minimize cardiovascular and renal morbidity in PA.
Studies exploring the prevalence of metabolic abnormalities in patients with PA remain controversial and await definitive evidence. Several studies have reported a higher prevalence of the metabolic syndrome in PA patients compared with essential hypertensive patients (76, 77) , with the prevalence of the metabolic syndrome and increased BMI being greater in BAH than in APA (76) . Impaired glucose metabolism and increased insulin resistance, which correlate with aldosterone levels, have also been reported (76, 78) . Investigation of 338 patients with PA from the German Conn's registry showed a higher prevalence of diabetes mellitus in patients with PA than in hypertensive controls (79) . However, in a recent retrospective study comparing 460 cases of PA with 1363 cases of essential hypertension, Matrozova et al. (80) did not detect any difference in the prevalence of hyperglycemia and blood levels of glucose and lipids between the groups. In a prospective study involving 47 PA patients who were followed for an average period of 5.7 years, Catena et al. (81) showed that patients with PA had higher insulin resistance when compared with normotensive controls, but that the defect was less severe than in essential hypertensives.
Conclusions
Aldosterone has recently emerged as a key hormone mediating end organ damage. Within the physiological range, genetic variation in aldosterone synthase expression may lead to higher levels of aldosterone that are associated with an increased risk of developing hypertension. In extreme cases, autonomous aldosterone production from the adrenal gland leads to PA in up to 10% of hypertensives. The prompt diagnosis of PA and the identification of its clinical and genetic subtypes are essential for the setup of efficient therapeutic intervention and prevention of the adverse cardiovascular and renal effects of aldosterone. Familial forms of PA represent 1-10% of the cases. FH-I should be considered in PA patients with severe or resistant hypertension and a family history of early-onset hypertension and/or premature hemorrhagic stroke, and FH-III should be suspected in young patients who are negative for FH-I and display marked hyperaldosteronism, hypokalemia, and severe hypertension resistant to medical therapy. In both cases, the genetic diagnosis can efficiently direct treatment options. In contrast, FH-II is undistinguishable from sporadic PA, with no genetic test that is available to date. Somatic genetic testing for KCNJ5, ATP1A1, and ATP2B3 mutations in APA may be of clinical benefit for patients in the future, after prospective studies have evaluated their association with parameters of outcome after surgery. The recent identification of genetic abnormalities in familial and sporadic forms of PA will hopefully lead to the development of novel therapeutic approaches. Understanding the genetic basis of mineralocorticoid excess in endocrine hypertension will help us to develop more powerful diagnostic procedures and possibly innovative therapeutic options, which could benefit up to 10% of hypertensives.
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